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ABSTRACT 

We have identified ten candidate intergalactic planetary nebulae in the Fornax galaxy 
cluster. These objects were found during observations in 1992 and 1993 in three fields 
chosen well away from any Fornax galaxy at 15', 30', and 45' from the centre of Fornax. 
We used the usual method of blinking images taken in a narrow [OIII] A5007 A filter, 
with images taken in an adjacent broad filter. The measured fiuxes in the narrow, 
broad, and I bands are consistent with these unresolved objects being planetary nebu- 
lae immersed in an intergalactic population of stars. Such a population is expected to 
arise as a consequence of tidal encounters between galaxies, and our findings strengthen 
the case for the existence of such tidal debris. The confirmation of some or all of these 
ten candidates as planetary nebulae would imply that intergalactic stars constitute 
a substantial fraction of all the stars in Fornax, up to an estimated ~ 40 per cent. 
Intergalactic planetary nebulae could prove useful in probing the underlying cluster 
potential, since they would be far more abundant than galaxies. We discuss possible 
contamination of the sample by emission-line galaxies, but conclude that planetary 
nebulae is the most likely identification for the detected objects. 
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1 INTRODUCTION 

Tidal interactions between galaxies in a cluster are expected 
to be frequent and may induce structural changes in the 
disturbed galaxies. For example, numerical simulations by 
Moore et al. (1996) indicate that fast tidal encounters pro- 
duce 'harassed' looking galaxies, reminiscent of the dis- 
torted spirals in clusters at a redshift of ~ 0.4 as observed by 
the Hubble Space Telescope. Numerical simulations of the 
evolution of galaxies in a cluster (e.g. Roos & Norman 1979, 
see Dressier 1984 for a review) suggest that these tidal en- 
counters cause galaxies to loose a substantial fraction, 30—70 
per cent, of their stars to the cluster potential where they 
are left free to roam as intergalactic tidal debris. 

Zwicky (1951) associated excess light he had observed 
between the galaxies in Coma with such debris from tidal 
interactions. Subsequent searches for intergalactic light in 
clusters of galaxies (usually in Coma) and Hickson's compact 
groups, using either photographic plates, direct photometric 
observations or CCD imaging, were not all equally conclu- 
sive (e.g. de Vaucouleurs & de Vaucouleurs 1970, Vilchez, 
Pello & Sanahuja 1994, and references therein), with many 
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observers concluding that the amount of intergalactic light 
could be attributed to low surface brightness galaxies, inac- 
curate subtraction of foreground stars and halos of galaxies. 
Another line of attack to track down the debris is to look 
for intergalactic supernovae. Of the thirteen supernovae de- 
tected in Coma over a period of fifteen effective search years, 
Crane, Tammann and Woltjer (1977) could associate all of 
them with galaxies, either in Coma or in the background. 
They concluded that the intergalactic debris in Coma is at 
least six times less active per unit light in producing super- 
novae than the Coma galaxies are. Harris (1986), following 
up ideas of Merritt (1983, 1984), suggested that the central 
galaxy in a cluster might be surrounded by a population of 
globular clusters, stripped from their parent galaxies. This 
proposal was investigated by Muzzio (1987, and references 
therein) and more recently by West et al. (1995), who sug- 
gest that the pronounced globular cluster overabundance of 
some galaxies in the centres of galaxy clusters is best ex- 
plained by assuming the existence of a population of inter- 
galactic globular clusters. 

In this Letter we report on the identification of ten can- 
didate intergalactic planetary nebulae (PNe) in the Fornax 
galaxy cluster. Fornax (a=3''38™29'' (5=-35°27' (J2000.0), 
distance 17±lMpc, McMillan, CiarduUo and Jacoby 1993) is 
a poor, dense cluster of galaxies, relatively rich in early type 
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Table 1. Coordinates of observed fields 

field RA Dec. 

J2000.0 equinox 

1 3 37 35 -35 37 15 

2 3 37 17 -34 59 10 

3 3 34 48 -35 44 05 

galaxies (ratio of early to late types a factor of two higher 
than in Virgo, Ferguson 1989). It has a high central density 
of galaxies (500 per Mpc^) and a low velocity dispersion 
(350 kms"\ Ferguson 1989). Its central galaxy, NGC 1399, 
is a cD galaxy with both an extended halo of diffuse light 
(Schombert 1986, Warren, Theuns & Williger 1996) and an 
abundant and extended globular cluster population (Grill- 
mair et al. 1994 and references therein). All these properties 
suggest that Fornax should have a substantial population of 
intergalactic stars. Since these stars should be similar to the 
stars in the galaxies, they would also have a sub-population 
of PNe. The detection of intergalactic PNe as far away as 
Fornax is feasible technically, since PNe within galaxies in 
Fornax have already been found. McMillan et al. (1993) used 
narrow-band imaging to identify 72 candidate PNe in NGC 
1399. Arnaboldi et al. (1994) later obtained spectra for 54 
of them and they were able to obtain velocities for a sub- 
set of 37. We have used the same technique to search for 
intergalactic stars. 

In Section 2 of this Letter we describe our observational 
strategy to detect the brightest PNe in three fields in the 
Fornax cluster, and detail the standard reduction and se- 
lection procedures. Section 3 summarizes our findings, and 
Section 4 contains a discussion of our results. 



2 OBSERVATIONS 

2.1 Set-up and data reduction 

We have imaged three fields in the Fornax cluster in nar- 
row, broad, and I bands, using the EMMI instrument on 
the New Technology Telescope at the European Southern 
Observatory, La Silla, Chile. The fields are located at an- 
gular separations of 15' , 30' , and 45' from the centre of 
NGC 1399. The coordinates of the fields are provided in Ta- 
ble 0, and the locations are shown in Fig. 0. The dates of 
the observations were 1992 December 30 and 31, and 1993 
November 19, 20, and 21. Conditions were mostly clear, with 
some thin cirrus at times. Details of the average seeing (im- 
age F WHM in the combined frames) , and integration times 
are provided in Table ^. The narrow-band and broad-band 
filters were used in the blue arm (BIMG), where the scale 
is 0.37" per pixel. The I-band observations were made with 
the red arm (RILD), with the old //2.5 camera, for which 
the scale was 0.44" per pixel in 1992, with the Thomson 
chip, and 0.35" per pixel in 1993, with the Ford chip. 

The narrow- band filter has FWHM 29A and IS cen- 
tred at Ac = 5028 A, very close to the wavelength of 
[QUI] A5007A redshifted to the velocity 1422 kms"^ of 
NGC 1399. In EMMI the blue fihers lie in a diverging //U 
beam, so the broadening and blue shift of the transmission 
curve, relative to the laboratory curve (measured in a par- 
allel beam), may be neglected. The broad-band filter has 
FWHM 286A and is centred at Ac = 4714A. Integration 



Table 2. Observing log 



field date filter no. of average total 

frames seeing int. time 
arc sec. s 



1 Nov 93 narrow 3 1.0 9900 

1 Nov 93 broad 4 1.0 7200 

1 Nov 93 I 2 1.1 720 

2 Dec 92 narrow 4 1.2 13200 
2 Dec 92 broad 5 1.3 6300 

2 Dec 92 I 4 0.9 960 

3 Nov 93 narrow 4 1.0 13200 
3 Dec 92 broad 2 1.1 2400 
3 Nov 93 broad 5 1.1 6000 
3 Dec 92 I 4 0.9 960 



times, filter transmission, telescope size, and seeing are com- 
parable to those for the runs of McMillan et al. (1993), so we 
expect our observations to reach slightly fainter than theirs 
since they had to find PNe on top of the bright parent galaxy. 

After the usual dark and bias subtraction and fiat field- 
ing, we combined the individual images for a given field. 
The combining procedure weights the frames by the inverse 
of the variance in the sky, and also compares the respective 
pixel values for the individual frames to detect and elimi- 
nate cosmic rays. The final frames in each field cover an area 
5.9' X 5.9'. We fiux calibrated the broad-band and narrow- 
band frames onto the AB system using observations of the 
standard stars Hiltner 600 and LTT1788 (Hamuy et al., 
1992). For the I-band frames we used standards from Lan- 
dolt (1992), on the Kron-Cousins system. Conditions were 
not always photometric. However, because we have a num- 
ber of frames in each field, as well as multiple obervations 
of standard stars, we were able to keep track of the extinc- 
tion due to clouds, which was only ever at the level of 0.1 
mag or less. By identifying those observations taken when 
the sky was clear we were able to calibrate the fields, and 
we estimate that the photometric zero points are accurate 
to 0.05 mag. This is borne out by a comparison between the 
fields of the median narrow-broad colour m„ — mj, of all the 
objects in the field. The scatter between the three fields of 
the median colour is ct = 0.04 mag. 

2.2 Analysis 

From a knowledge of the luminosity function of PNe, the 
exposure times, the distance to Fornax, and the very large 
expected equivalent widths (EWs) of the [QUI] A5007 A line, 
most likely any PNe visible in our narrow-band frames will 
be absent from the broad-band and I-band frames. Based on 
this, we have used the following procedure to identify candi- 
date PNe. Using the photometry package Daophot (Stetson 
1987), we produced a source list for each narrow-band frame, 
restricted to objects detected at greater than 4(t significance, 
as measured by aperture photometry using an aperture of 
diameter twice the stellar FWHM. Next resolved sources 
were eliminated, using the Daophot procedure peak, which 
compares the profile of each object against the point-spread- 
function obtained from bright stars. Using a six-parameter 
transformation the coordinates of these sources in the other 
bands were computed, and the magnitudes were measured 
at these positions, i.e. without recentering, again using an 
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Figure 1. A region of size 90arcmin in Fornax drawn from the Digitized Sky Survey (J2000.0 equinox). The major Fornax galaxies 
are indicated by their NGC numbers; NGC 1399 is usually taken to be the centre of Fornax. Circles denote galaxies which are likely 
to be Fornax members, according to Ferguson (1989). The three fields are indicated by a square of side 5.9'. For the adopted distance 
d = 17 Mpc, the field of view corresponds to 445 kpc on a side. 
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Figure 2. Colour-magnitude (left panel) and colour-colour (right panel) diagrams for objects in fields 1—3. Dots denote objects detected 
in the corresponding bands, arrows denote Icr upper limits for non-detections. Objects satisfying all selection criteria (see text) are 
plotted as filled circles (field 1), filled squares (field 2) and open circles (field 3). Left panel: objects within 3o" of the median colour fall 
inside dotted lines. The dashed lines show the 2a detection limits for the broad band, for each field. Candidate intergalactic PNe are 
objects that fall below both these selection limits, and are bluer than m,„ — mi = 0.0. 



aperture of twice the stellar FWHM for the particular frame. 
This procedure is designed for sources that are very faint in 
these bands, for which the centering algorithm would not 
work well. Finally, we assigned fluxes corresponding to 1 cr 
above sky to objects with measured fluxes below this level. 
This produced magnitudes in the narrow, broad, and I bands 
(denoted here by m„, mt, mj respectively) for our basis set 
of objects. The la detection levels, averaged for the three 
fields, are rUn = 26.0, rrib = 26.7, mi = 24.7. 



3 RESULTS 

The results of the photometry are illustrated in Fig. ^, which 
shows m„ — mi, v rUn colour- magnitude and m„ — mj, v m„ — 
mi colour-colour diagrams. These diagrams can be used to 
select candidate intergalactic PNe. Any PNe in our frames 
will have unusual colours relative to the locus of common 
objects visible in the plots, which comprise Galactic stars 
and compact galax;ies. Candidates were selected using the 
following criteria: 

1. ) the m„ — mj, colour differs, in the negative direction, 
by more than 3 a from the median m„ — mb for all objects 
in the frame — such objects fall below the lower dotted line 
in Fig. ^, left panel. 

2. ) the objects are not detected at > 2a" in the broad- 
band frame — such objects fall below the dashed lines in 
Fig. ^ left panel. 

3. ) objects have m„ — mi < 0.0. 

Criterion 1 requires that the candidates have significant 
excess flux in the narrow-band frame relative to the flux 
in the broad-band frame. Criterion 2 states that the line 
EWs are consistent with being large: at the 2a level they 
are consistent with being infinite. Criterion 3 is an attempt 



to remove compact emission-line galaxies from the sample. 
In particular galaxies in these fields n.t z = 0.35, for which 
the line [Oil] A3727A falls in the narrow-band filter, but 
which have a substantial 4000A break, will be eliminated by 
this means. 

Application of the above selection criteria leads to the 
indentification of 4, 2, and 4 candidates in fields 1, 2, and 
3 respectively. We have checked the images of each can- 
didate in every CCD frame used to make the combined 
frames, to ensure that the unusual colours are not due to 
fiaws in individual frames, or e.g. cosmic rays, or satel- 
lite trails. The candidates have narrow-band magnitudes in 
the range 22.9 < m„ < 24.2. The estimated line fiuxes 
f] are in the range 9.5 x 10"^^ > F5007 > 2.9 x 10"^'' 
erg cm~^ s~^, and 26.3 < msooT < 27.6, where as usual 
mz,oo7 — —13.74 — 2.51og_F5oo7. None of the candidates is de- 
tected at greater than 2a significance in the broad-band. In 
the I band the brightest candidate in field 3 is possibly de- 
tected at 2.5cr, while the remaining 9 candidates are fainter 
than the la level. 



4 DISCUSSION 

To summarise the previous sections, we have discovered 10 
objects in our fields whose angular sizes and magnitudes in 
the three bands are consistent with their being intergalactic 
PNe in the Fornax cluster. We now consider in more detail 

t The lino fluxes were calculated from -F5007 = fx J T^dX/T^, 
where fx is the flux per unit wavelength of a continuum source 
with the same m„ , Tx is the transmission of the filter as a function 
of wavelength, and Ti^ is the average transmission over the central 
few angstroms. 
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whether any of the candidates could be distant galaxies, 
rather than PNe, because either [Oil] 3727 {z = 0.35) or 
Lya 1216 {z = 3.14) falls within the narrow-band filter. The 
question is not straightforward to answer as there are few 
surveys which reach the faint line-flux limits of our narrow- 
band images, and the continuum fluxes of our candidates, 
TUb > 26, mi > 24, are beyond the limits of the faintest 
magnitude-limited spectroscopic surveys. Nevertheless the 
lower redshift appears unlikely. The mean rest-frame EW of 
the candidates if at z = 0.35, is > 250A, and such large EWs 
have not been seen for [Oil] in deep galaxy surveys (CoUess 
et al. 1990, Cowie et al. 1995). Furthermore galaxies at this 
redshift would likely be resolved in our frames. 

We can check whether the higher redshift 2; = 3.14 is a 
possibility by making a direct comparison against the results 
of the emission-line searches for high-redshift galaxies by 
Lowenthal et al. (1995) and Thompson et al. (1995). On 
the basis of their quoted detection limits, if our candidates 
are galaxies at 2 = 3.14, we estimate that in each of these 
surveys three galaxies z > 2 would have been found above 
the 3(T detection limits, whereas none was discovered. This 
is fairly clear evidence against our candidates being galaxies 
at 2 = 3.14. 

On the basis of the foregoing we consider it likely 
that our candidates are intergalactic PNe. We have also 
compared the distribution in luminosity of our candidates 
against the luminosity function of CiarduUo et al. (1989). 
A K-S test indicates a satisfactory fit, which increases our 
confidence in our identification. Just before completing this 
Letter we received a preprint by Arnaboldi et al. (1996) who, 
while searching for PNe in the outer halo of the Virgo ellipti- 
cal NGC 4406, serendipitously found three PNe with radial 
velocities widely different from that of the target galaxy. 
They concluded that these PNe may be intergalactic stars 
in the Virgo cluster. With the wide-field CCD cameras be- 
coming available it appears that it may now be possible to 
detect intergalactic PNe in large numbers. 

Proceeding on the assumption that our 10 emission-line 
candidates are intergalactic PNe, we next try to estimate 
the contribution of intergalactic stars to the total light in 
the Fornax cluster. Our observations reach about one mag- 
nitude below M* in the PNe luminosity function, and we 
adopt the value for the luminosity-specific planetary nebula 
density for M31, ai.o(B) = 9.4 x lO"''/(Ls)0 (CiarduUo et 
al. 1989). (We note, however, that the value of Qi.o{s) is 
probably different for different stellar populations (Hui et 
al. 1993), and therefore the chosen value may not be appro- 
priate for intergalactic debris.) We surveyed 104 arcmin^, so 
this provides an estimate for the surface brightness in tidal 
debris of 1.0 x lO^(Ls) per arcmin^. The total luminosity 
contributed by galaxies contained in the central 200' x 200' 
region of Fornax is ^ 6.6 x lO"(Lij)0 (CaldweU 1987), cor- 
responding to a surface brightness of ~ 1.65 x 10^ {Lb)q per 
arcmin^. Comparing these two values we estimate that the 
contribution of intergalactic stars to the total light in the 
Fornax cluster could be as much as ^ 40%. 

To summarise, with narrow-band imaging we have 
searched for intergalactic PNe in the Fornax cluster, and 
discovered 10 good candidates, which require spectroscopic 
confirmation. Future surveys could detect hundreds of such 
objects. Intergalactic PNe may, therefore, prove invaluable 
in the study of cluster dynamics. 



ACKNOWLEDGMENTS 

During the course of this work, TT was funded by a stu- 
dentship at ESO and a PPARC post-doc at Oxford. TT is 
presently funded by the EC under contract CT941463. We 
thank the referee. Russet McMillan, for a number of sugges- 
tions which improved the presentation of this Letter. We are 
grateful to Bo Reipurth, who agreed to swap observing time 
in 1992, when late delivery of our filters made it impossible 
to start observing. TT wants to thank Mike Barlow, Robin 
Clegg and Mario Livio for valuable discussions. Fig. |l| was 
extracted from the Digitized Sky Survey, which was pro- 
duced at the Space Telescope Science Institute under U.S. 
Government grant NAG W-2166. 



REFERENCES 

Arnaboldi M., Freeman K.C., Hui X., Capaccioli M., Ford H., 
1994, The Messenger 76, 40 

Arnaboldi M., Freeman K.C., Mendez R.H., Capaccioli 
M., CiarduUo R., Ford H., Gerhard O., Hui X., Jacoby G.H., 
Kudritzki R.P., Quinn P.J., 1996, ApJ in press 

Caldwell N., 1987, AJ 94, 1116 

CiarduUo R., Jacoby G.H., Ford H.C., NeiU J.D., 1989, ApJ 339, 
53 

CoUess M.M., Ellis R.S., Taylor K., Hook R.N., 1990, MNRAS 
244, 408 

Cowie L.L., Hu E.M., Songaila A., 1995, Nat 377, 603 
Crane P., Tammann G.A., Woltjer L., 1977, Nat 265, 124 
Dressier A., 1984, ARA&A 22, 185 

Grillmair C.J., Freeman K.C., Bicknell G.V., Carter D., Couch 

W.J., Sommer-Larsen J., Taylor K., 1994, ApJ 422, L9 
Ferguson H.C., 1989, Ap&SS 157, 227 
Harris W.E., 1986, AJ 91, 822 

Hamuy M., Walker A.R., Suntzeff N.B., Gigoux P., Hcathcote 

S.R., Phillips M.M., 1992, PASP 104, 533 
Hui X., Ford H.C., CiarduUo R., Jacoby G.H., 1993, ApJS 88, 

423 

LandoU A.U., 1992, AJ 104, 340 

Lowenthal J. D., Hogan C. J., Green R. F., Woodgate B. E., 

Caulet, A., Brown, L., Bechtold, J., 1995, ApJ 451, 484 
McMillan R., CiarduUo R., Jacoby G. H., 1993, ApJ 416, 62 
Merrit D., 1983, ApJ 264, 24 
Merrit D., 1984, ApJ 276, 26 

Moore B., Katz N., Lake G., Dressier A., Oemler A., 1996, Nat 
379, 613 

Muzzio J.C., 1987, PASP 99, 245 
Roos N., Norman, C.A., 1979, A&A 76, 75 
Schombert J.M., 1986, ApJS 60, 603 
Stetson P.B., 1987, PASP 99, 191 

Thompson D., Djorgovski S., Trauger J., 1995, AJ 110, 963 
de Vaucouleurs G., de Vaucouleurs A., 1970, Astrophys. Lett. 5, 
219 

Vilchez R., Pello R., Sanahuja, B., 1994, A&A 283, 37 
Warren S.J., Theuns T., Williger G.M., 1996, in preparation 
West M.J., Cote P., Jones C, Forman W., Marzke R.O., 1995, 

ApJ 453, L77 
Zwicky F., 1951, PASP 63, 61 



© 0000 RAS, MNRAS 000, 000-000 



This figure "fornax_dwarfs_labels.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/9609076vl 



